Cellulose nanofibers (CNFs) with high aspect ratio were used to reinforce polylactic acid (PLA) by extrusion.
Introduction
Nowadays, the production of sustainable and environmentally friendly materials has generated enormous attention in both academic and industrial elds. As a typical eco-friendly material, polylactic acid (PLA) has been rapidly developed for the past few decades. PLA is a biodegradable, thermoplastic, and aliphatic polyester, and it can be derived from renewable resources, such as starch. 1 PLA has already been found in many applications, including textile, medical, and packaging elds. 2 Nonetheless, the inherent brittleness of PLA has been the main obstacle to expand its commercial use.
Cellulose nanobers (CNFs) derived from renewable biomass have attracted much interest as an alternative in composite materials. Numerous studies have focused on the use of CNFs as reinforcement in PLA, and the nanocomposites have been produced by melt compounding and solvent casting. [1] [2] [3] [4] [5] [6] [7] Although CNFs have a great potential as reinforcement, the uniform dispersion of CNFs in polymer matrix is still the major challenge. CNFs can not be uniformly dispersed in thermal plastic polymers due to high polarity of cellulose surface and the resultant low interfacial compatibility with hydrophobic polymer matrix. 8 To overcome the compatibility difficulty, cellulose has been subjected to physical treatment (such as, plasma) and chemical modication (such as, esteri-cation, etherication, oxidation, silylation, and polymer gra-ing by click chemistry). 9 However, the mechanical properties of the prepared nanocomposites are not signicantly improved due to the damaged molecular structure of CNFs by chemical modication. In addition, chemical modication is not an ecofriendly way to prepare the all-green composite.
In this study, CNFs with high aspect ratio extracted from poplar our were used to reinforce PLA by extrusion. To solve the dispersion problem of CNFs in PLA matrix, the PLA water slurry was premixed with the CNFs followed by freeze drying prior to the extrusion. To improve the interfacial compatibility and impact toughness of the composite, Surlyn ionomer was added into the nanocomposites as compatibilizer during the compounding process. Surlyn ethylene ionomers used in this study are copolymers of ethylene and methacrylic/acrylic acid that has been partially neutralized by metal cations, such as zinc or sodium.
10 Surlyn ionomers have extraordinary toughness and can improve the interfacial bonding strength in advanced composites. [11] [12] [13] Recently, ionomers have been used as compatibilizers for nanocomposites based on PP, PET, PBT, and a variety of thermoplastics.
14 As compared to the interfacial modication effect of ionomer, maleic anhydride graed polyethylene (MAPE) was used as the traditional coupling agent for the CNFs/PLA composites. To investigate the reinforcing effect of the ultra-long CNFs, the poplar our/PLA composite was also fabricated as control. The capillary rheological tests of the nanocomposites were performed to assess the inuence of ionomer on the viscosity and owability of the CNFs/PLA melts. Mechanical tests were carried out to evaluate the effectiveness in impact toughness and bending properties. Fracture surfaces of the nanocomposites were observed with FE-SEM to study the dispersion of CNFs and understand the failure behavior of the nanocomposite.
Materials and methods

Materials
The poplar our with the size of 60-80 mesh was obtained from Nanjing Jufeng Advanced Materials Co., Ltd. (Nanjing, China). Polylactic acid (PLA), Nature Works TM 4032 D, was supplied by Nanjing JuFeng Advanced Materials Co., Ltd. (Nanjing, China). The glass transition temperature (T g ) and melting point (T m ) was 55 C and 180 C, respectively. The melt ow index (MFI) was 6 g per 10 min (190 C, 2.16 kg). MAPE with MFI of 6.4 g per 10 min and graing ratio of 0.8% was purchased from Nanjing Deba Chemical Industry Company (Nanjing, China). Surlyn sodium ionomer (8940) with MFI of 2.8 g per 10 min, density of 0.94 g cm À3 , and melt point (T m ) of 78 C was purchased from Du Pont China Holding Co., Ltd.
(Shenzhen, China). All laboratory grade chemical reagents were purchased from Nanjing Chemical Reagent Co., Ltd.
(Nanjing, China).
Preparation of CNFs
The preparation of poplar cellulose nanober was mainly divided into two steps based on our previously reported methods, including chemical pretreatment and grinding nanobrillation. 15 Aer chemical treatment, the water slurry with 1 wt% cellulose nanobers was passed through a grinder (MKCA6-2, Masuko Sangyo Co., Japan) for 20 times with the grinding stone at 1800 rpm.
Preparation of CNFs/PLA/ionomer composite
Before the compounding process, different contents PLA powders (60-80 mesh) were added into the 1 wt% CNFs water slurry and continuously stirred by a magnetic stirrer at 75 C for 1 h. Aer the water preblending process, the slurry was dehydrated by vacuum ltration with a Buchner funnel and then freeze-dried. Subsequently, the nanobers/PLA mixture was fully broken using a blender and fed into a HAKKE minilab (HAKKE minilab II, Thermo Fisher Scientic, Germany) for capillary rheological test. Surlyn ionomer/MAPE was added as coupling agent for each formulation. The extrusion temperature was set at 180 C. The rotating screw speed was changed from 10 rpm to 100 rpm. The poplar our/PLA/ionomer composite was also prepared as control. Aer the capillary rheological test, the composite samples were extruded through a rectangular die with the sectional dimension of 3.5 mm Â 1 mm. The samples were crushed into powder by a blender and then hot-pressed at 170 C for 5 min with a press vulcanizer. Finally, the samples were cooled to room temperature. The samples formulation is listed in Table 1 . The total weight of the composite was 6 g for each formulation.
Characterization and testing
2.4.1 CNFs. The morphologies of poplar our and CNFs were observed using FE-SEM (HITACHI S-4860, HITACHI, Japan). Prior to FE-SEM observations, the samples were kept overnight in a vacuum oven at 30 C and then coated with gold for 30-60 s to avoid charging. The acceleration voltage was 3 kV and the coating current was 10 mA. Fourier transform infrared (FTIR) spectra were measured on a Nicolet iS10 FTIR spectrometer (Thermo Scientic Inc., America) equipped with a single reection attenuated total reectance (ATR) system. Poplar our and CNFs were tested in the wave number range of 4000-500 cm À1 at a resolution of 2 cm À1 .
Composites
. The bending properties were tested according to the ASTM D 790-2010 standard using a universal materials testing machine (AG-10TA, Shimadzu, Japan) with the span of 40 mm and the crosshead speed of 1 mm min À1 . The compression-molded samples were cut into strips with 50 mm long, 6 mm wide and 2 mm thick. At least 6 replications were tested for each measurement. The impact toughness of the composites was measured in accordance with ASTM D 256-2010 with an izod impact test machine (QJBCX, Shanghai Qingji Instrumentation Technology Co., Ltd, China) at room temperature. At least 4 replications were tested for each measurement.
Pure PLA and the PLA/CNFs/ionomer nanocomposite were characterised by a Nicolet iS10 FTIR spectrometer (Thermo Scientic Inc., America) equipped with a single reection ATR system. Scans were recorded in the range of 4000-500 cm À1 with a resolution of 2 cm À1 for each sample.
The fracture surface and surface of different composites were observed by FE-SEM. The nanocomposite samples were frozen in liquid nitrogen then quickly broken. Prior to FE-SEM observations, the samples were kept overnight in a vacuum oven at 30
C and then coated with gold for 30-60 s to avoid charging.
Results and discussion
3.1. Characterization of cellulose nanobers 3.1.1 FE-SEM. Fig. 1 shows the FE-SEM images of the poplar our and the extracted cellulose bers aer grinding treatment. The surface of the poplar our is very rough with some pits (Fig. 1a) . The nanobers are well-individualized aer the chemical and physical treatments. A classical web-like disappears completely (Fig. 2b) , indicating that all the hemicellulose have been sufficiently removed. However, the peak at 1636 cm À1 was observed due to some residual lignin in the nanobers.
Characterization of composites
3.2.1 Capillary rheological properties. Rheology has been widely used to assess the morphology and interfacial status of polymer blends, but the effective rheological methods have not yet been explored to evaluate plant ller dispersion and interfacial status. 16 In addition, additives are frequently used to modify processing or end properties of ber/matrix composites. However, their effects have not been largely assessed from the rheological viewpoint. According to some reports, increasing the loading of nanobers over 30 wt% is a simple method to improve the mechanical performance of polymer nanocomposites. 17 Hence, the 30 wt% ber content is a key factor in achieving the high performance of the CNFs/PLA composite. For 30 wt% CNFs/PLA composite with different levels of sodium ionomer, the viscosity dependence on the shear rate is presented in Fig. 3a . At lower shear rate (<200 s À1 ), an obvious decrease in viscosity with increasing shear rate can be observed, which indicates CNFs/PLA melts belong to pseudoplastic uid of non-Newtonian uid and reveal a "shear thinning" behavior. It can also be found that the viscosity of the nanocomposite decreases with the increase of sodium ionomer content, which demonstrates ionomer can improve the owability of the CNFs/ PLA melts and reduce energy consumption for the productive process. Lower viscosity means better owability and dispersion state. 18 The result can be explained that ionomer in the CNFs/ PLA melt can reduce the entanglement of the nanobers by the interactions between the carboxyl groups of sodium ionomer and hydroxyl groups of cellulose bers.
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The effects of different additives on the rheological performance of 30 wt% CNFs/PLA composite are illustrated in Fig. 3b . The viscosity of composite with 4 wt% MAPE is slightly higher than the counterpart with 4 wt% sodium ionomer. MAPE plays a role in the interfacial compatibilization for the CNFs and PLA matrix, and CNFs coated by MAPE form a plastic lamina, reducing the viscosity of the composite melts. Compared to MAPE, sodium ionomer can reduce the viscosity and improve the owability of the composite. The decrease in viscosity of the composite melts with ionomer can be attributed to the fact that ionomer facilitates the homogeneous dispersion of entangled CNFs in the PLA matrix as a lubricant. 20 It is reported that elastomeric modiers can improve the ow of ber/polymer composites as lubricant at the polymer/ber interface. 
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Viscosity of ber/polymer composites depends on ber loading and the nature of bers.
22 Fig. 3c shows the effect of CNFs loading on the viscosity of the nanocomposite with 4 wt% sodium ionomer. The viscosity of the nanocomposite rises with increasing the CNFs concentration. The presence of CNFs disturbs the normal ow of the composite melts and hinders the mobility of chain segments. Thus, relatively high CNFs concentration can worsen the dispersion of the entangled CNFs in the polymer melt, and increase the viscosity of the nanocomposites. In addition, it can be found that the pseudoplastic behavior is enhanced by increasing the CNFs content.
The effect of particle size on the viscosity is presented in Fig. 3d . It can be noticed that the viscosity of the CNFs composite is higher than that of the poplar our composite when the formulation of the composite is xed. Compared with the poplar our, the aspect ratio of CNFs is high and there are more hydroxyl groups on the surface of molecular chains to form hydrogen bonding. The poplar our is more easily aligned and distributed along the direction of ow than CNFs, thus the probability of ber-ber collisions is much less, leading to the large decrease in the viscosity of the nanocomposites. 
Mechanical properties
Flexural performance. In order to investigate the reinforcing effect of CNFs on PLA, the exural properties of fabricated composites with different content of llers and additives are studied. The bending strength (MOR) and bending modulus (MOE) of neat PLA and prepared composites are illustrated in Fig. 4 . The effects of sodium ionomer/MAPE content on the MOR and MOE of the poplar CNFs/PLA composites at the loading of 30 wt% CNFs are shown in Fig. 4a and b. It can be seen that both the sodium ionomer and MAPE can improve MOR and MOE the CNFs/PLA composites. Because they are amphiphilic polymers and can act as coupling agents, the interfacial bonding between the PLA matrix and CNFs is enhanced. The esterication reaction of the carboxyl groups on the molecular side chain of sodium ionomer with hydroxy groups on the surface of poplar CNFs occurs through the electrostatic bonding between two polar groups. 19 The non-polar molecular chains of sodium ionomer can be entangled with the molecular chains of PLA matrix due to the miscibility between ionomer and PLA. 24 It can also be found that MOR and MOE of the composite with sodium ionomer are higher than those of the composite with MAPE. These results imply that Surlyn ionomer is a more effective coupling agent as compared to MAPE, leading to the high stress transfer efficiency from the matrix to the ber. It can be inferred that the ionic bonding between the cations and acid groups on the polymer chains sets up a network structure, which enhances exural strength of the composites. 25 Furthermore, MOR and MOE of the composite with 4 wt% ionomer are higher than those of the composite with 2 wt% ionomer, while a slight decrease in MOR and MOE of the composite with 6 wt% ionomer can be found. The decrease can be interpreted as that the incorporation of ionomers with low modulus can make the composites much more ductile. 26 As is well known, the modulus of polymers generally will decrease when polymers are toughened. Structure details, such as the molecular weight, ionic monomer content, and degree of neutralization of the ionomers, remain to be studied for future application of the ionomer techniques.
The effects of particle size and ber content on the MOR and MOE of the composites with 4 wt% sodium ionomer are presented in Fig. 4c and d . It is seen that the MOR and MOE of the CNFs/PLA composite are much higher than those of poplar our/PLA composite. It was reported that aspect ratio has a great effect on strength and stiffness of ber/matrix composites. 27 The length and aspect ratio of poplar CNFs are much higher than those of poplar our, leading to much better mechanical properties. Compared to neat PLA, the MOR and MOE increase signicantly with increasing content of poplar CNFs. When the CNFs content is up to 40 wt%, the MOR and MOE of the poplar CNFs/PLA/4 wt% Na ionomer composites are 53.4 MPa and 4878 MPa, increasing by 260.8% and 212.3% as compared to neat PLA, respectively. The improvement of the mechanical performance of the nanocomposites is ascribed to the formation of a rigid bers network, which maximizes stress transfer across interfaces to promote the mechanical strength.
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This result demonstrates that homogenous dispersion of CNFs can be achieved by using the water preblending method. Furthermore, the sodium ionomer acts as a bridge between the hydrophilic CNFs and hydrophobic PLA, improving eventually the interfacial strength of the composite.
Impact toughness. Fig. 5 represents the impact toughness of the prepared samples. The effect of sodium/MAPE content on the impact toughness of the 30 CNFs/PLA composites is shown in Fig. 5a . It can be seen that the impact toughness of the composite increases with increasing ionomer content. In addition, the impact toughness of the nanocomposites with sodium ionomer is extremely high as compared to the composites with MPAE. Ionomers are polymers containing a small amount of ionic groups, which are distributed along a nonionic hydrocarbon chain. 29 High impact toughness is one of the most important physical properties of ionomer. 25 It mainly depends on the presence of ionic aggregate. When the ionic aggregate concentration decreases, the chain mobility and energy dissipation will decrease, making the ionomer much more brittle. But at a relatively high ionic aggregate concentration, large ionic clusters will play the dominant role in the system, and improve the impact strength of ionomer.
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During the impact fracture process of the composite with ionomer, both crazing and shear yielding phenomena could be clearly observed. In addition, it was reported that ionomers can promote the nucleation of PLA matrix, leading to the improvement of the impact strength of the composite. 24 Above all, the unique structure and morphology of the ionomers result in their serving as crosslink points to form networks of molecular chains, which can absorb the impact energy and prevent the crack initiation.
The effects of particle size and ber content on the impact toughness of the composites with 4 wt% sodium ionomer are presented in Fig. 5b . It can be found that the impact toughness increases with increasing the content of poplar CNFs/our below 30 wt%. However, a decrease in impact toughness can be found when the ber content is above 30 wt%. The highest impact toughness of the 30 wt% CNFs/PLA composite is up to 34.2 J m À1 , increasing by 302.3% as compared to neat PLA. If the nanobers are uniformly dispersed in the matrix, the rened nanobers network structure can absorb a large amount of energy in the process of fracture, leading to a remarkable improvement of impact strength of the nanocomposite. It also can be seen that the impact toughness of the CNFs/PLA composites is much higher than that of the poplar our/PLA composites. The impact toughness of the composites is strongly dependent on aspect ratio and content of ber. The short bers in the matrix provide the points of stress concentrations, thus generating the sites for crack initiation and potential failure. 31 For the CNFs/PLA composite, the impact toughness decreases above ber content of 30 wt% due to the tendency of the agglomeration into larger aggregates at high CNFs content.
3.2.3 FTIR. The FTIR spectra of PLA and PLA/CNFs/ ionomer composite are shown in Fig. 6 . For the pure PLA (Fig. 6a) (Fig. 6b) , a broad absorption peak that is related to the hydroxyl group Fig. 7 shows FE-SEM images of the prepared composites. The fracture surface and surface of the 30 wt% CNFs/PLA/4 wt% sodium ionomer composite are illustrated in Fig. 7a and b . It is observed that lots of ultra-long nanobers are distributed uniformly and compactly on the fracture surface of the composite in the form of "spider web". Homogenous dispersion of CNFs with high aspect ratio is achieved by using the water preblending method. From the SEM images, the network structure of CNFs is not destroyed during the preblending and compounding processes. The surface morphology of the composite shows that poplar CNFs are mixed very well with the PLA matrix. By the water pretreatment method, hydrophilic nanober and hydrophobic PLA bers can be uniformly dispersed in aqueous suspension. 32 During the preblending process, nanobers are adsorbed on PLA bers, and entangled to form a network. Therefore, the electrostatic repulsion and steric hindrance between nanobers and PLA matrix result in the homogenous dispersion of cellulose nanobers.
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To study the toughening effect of ionomers, the fracture surface and surface morphologies of the 30 wt% poplar our/ PLA/4 wt% sodium ionomer composite are presented in Fig. 7c and d . There are a great number of little brils on the fracture surface of the composite, showing the remaining traces of cold drawing during the impact failure (Fig. 7c) . The rough fracture surface demonstrates the ductile fracture of the composites with ionomer. From Fig. 7d , poplar bers are completely coated by polymers. There are hardly gap and void on the surface of the composite. During the period from deformation to fatal failure, large strain energy is uniformly dissipated in a wide area due to the adhesive strength between bers and PLA matrix. Compared to the morphology of the CNFs/PLA/ionomer composite, a signicant decrease in the length of bers can be observed. For the CNFs/PLA/ionomer composite, the synergistic effect of the high-aspect-ratio CNFs with ionomer contributes to the excellent impact toughness of the composite. Fig. 7e and f show the fracture surfaces of 30 wt% poplar our/PLA/4 wt% MAPE composite and 30 wt% poplar our/PLA/ 0 wt% additive composite, respectively. It can be seen the fracture surface of the composite with MAPE is very smooth, indicating the brittle crack propagation during the impact failure (Fig. 7e) . There is no obvious void or hole around the interface region, which is attributed to the strong interaction between the PLA matrix and poplar bers in the presence of MAPE as a compatibilizer. In contrast, the fracture surface of the composite without any additive is remarkably different. Fig. 7f shows that there are lots of gaps and holes between bers and matrix. It indicates that there are poor dispersion and weak interfacial bonding between the PLA matrix and poplar bers.
Conclusions
The poplar CNFs/PLA/ionomer composite was prepared by extrusion. The rheological results showed the viscosity of the nanocomposite decreased with increasing sodium ionomer content, and the viscosity of the composite with ionomer was lower than that of the composite with MAPE. It demonstrated ionomer could improve signicantly the owability of the CNFs/ PLA melts due to the lubrication of ionomer.
The mechanical tests showed that the MOR and MOE of the composite with sodium ionomer were much higher than those of composite with MAPE. The highest MOR and MOE of the CNFs/PLA/ionomer composites were 53.4 MPa and 4878 MPa, increasing by 260.8% and 212.3% as compared to neat PLA, respectively. Moreover, the extremely high impact toughness of the CNFs/PLA/ionomer composite was achieved. The highest impact toughness of the CNFs/PLA/ionomer composite was up to 34.2 J m
À1
, increasing by 302.3% in comparison to neat PLA. FE-SEM images showed homogenous dispersion of CNFs in PLA with the water preblending method. The rough fracture surface of the composite demonstrated the plastic deformation during impact fracture. The synergistic effect of the CNFs with high aspect ratio and ionomer contributed to the excellent impact toughness of the composite. In addition, there was no obvious gap/void on the interface of bers and PLA matrix with the addition of ionomer. All these results indicated Surlyn ionomer can be used as an ideal compatibilizer, improving simultaneously both the owability and the mechanical properties of cellulose nanobers/PLA composite.
